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ABSTRACT 


The purpose of thie ssucy ia to inyveabigate the bernie 
theory and operation of mugen 
and obbain the charactordistics of various one stage magnetic 





waplifiers, ubiliging very quell dc control currents, The 

amplifier vireults tested include the serdes cirowit with end 
without feedback, the biased saplificr cireuit, and percllel 
cireult with self~seturaiion: characteristic carves were ob- 
bained for supply voltage frequencies of 60 eycles per secory 








OG eyeles per segord. The highest cowor rein obtained at 
60 eyeles per second was 1.12 x 10°, emi at 400 cyolos per 
second wea 37:1 x 10°, ‘fhe dee control currents wore in the 
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CHAPTER I 


BASIC THEORY 


Highory 
The magnetic saplifier was patenbed in the United Statea by 


My. BE. F, 8. Alexanderson of the General Eleatric Gompanmy in 1916 
Sor upe ag an audio frequency modulator of high frequency currents 
for radio telephony, The magnetic smplivfiar became of minor impor- 
tence in thin country, however, bocsuse bho duvelopment of efficient 
@xy Gisk rectifiers end highepernes.biliby me, 





mnetie core mberialp, 





beth necessary te the dosign cif e.Pficient magnetic amolifiern, cane 
Later than the popular employment of the vacuums tube. By the tims 
these components were availeble, we had oeppmrentiy forgetion the 
magruebic amplifier, while the Germann pursued iia development for 
power applications, The succeseful use of the mapnebic amvlifier 
throughow® the Gernen Nevy for tan yours bas demonsircted ite effi-~ 
cioncy, orecticability, aml resistance to Jadiures due te shock and 
vibration. Ita ruczedne 





2s was demonstrated when a mine, ubiilaing 
auagnetic amplificr, was dropped fro. an airslane, cmd nit the 
rocky beach imebead ef the water. It was split wide open, but when 
the magnetic amplifier wes recovered and tested, 26 was found to 
function perfectly. 

in recent yours, dry cisk reotifiors of the seleniun or cop 
per oxide type have proviced o convenient means Sor rectification af 
the lead current to obtsin ds output and high sensitivity by posi~ 
tive feedback, Anothor important develo ment has been the produce 


tion of magnetic muberiaig of high macciee: permeability so thet sate 
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aw 
weation of bho cors reguizes less excitation. 

& magnetic amplitior ic a power smmlifying systexn securing 
hte tombrel properties from the saburation of high permenbi lity 
magnetic cores called reactorn. It congiste ossentially of a dry 
digk roctifier, if feedback is used, ami two saturable core reat 
tore, in which the degree of mugrmebigation amd Clik chenge is con 
trolled by euciliary windings, There aro no contacts, moving parts, 
tilanentbs, or other teatures wiiech mako ib Liable to operating fail 
ure, or which necessitate constant ingpecticn and maintensnue. It 
oun be made mush more rugged and reliably taan » vuewen tube anplle 





fier, and ite life spen ia imiePinite, 

One of the groutest adverntazges of the magnetic amplifler, 
in addition ta ite ruggainess, ig the complete isolation of inpub 
amd output leade, Since ib ia a power operuted devies, the inpo~ 
denee of the sigm (escutrol) sowree should match that of the gon- 
trol winding for optimum performines, ami the Load shoud be matched 
bo the amplifier, 

A comparison of the magnetic amplifisr sith « tricda is 
Valac in some respects. The comrol windings correspormi to the 
triede grid, and the power sugnly, ac windings, om load correspond 
to the clste cdreuit, Ts must be noted, however, th b the magnetic 
amplifier is a current operated device; a dirvel current applied te 
the eontrel winding changes the a-e inpedance of another winling, 
The Yacuws tube mey be conuiderad to be « varigble resistence in a 


Gc circuit, and a magnetic anplifier 2 variable imuctive Impedance 
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Br 
dn on enc cirentt., In efther cuge, a smali control sigmdl ic weed 
to vary & Larges velus of current or power in the loud circuit, 
The sinilarity between clectronic and migumetic caolifiers is indi-~ 
cated in Figure l. 

Figure 2 shows a basic magpwhic auplificr ofrenit. Ib is 
a sories clrevit without feedbeek. The a-c clzeult consist, ol the 
cored, ome volbage suyply, and Luad, The control cireuth consicts 
of the control windings, commected in serice oppcaim: so bh. t no 
fundamental compoment of the a=o supply voltuge sopears at the ter 
oireult » 





ninels of the | 

In the discussion thit :cliews, any resishunce in the ase 
winding is lumped with the load reeistence, which anproximation 
Goupes Little errors Thue the drop seross the reettbor ie consid 
ered purely inductive, 

The manner in which 4 magnetic wapliiiir controls the cute 
pus power ig most readily seen by commidering the owe sinding of 
the reacbor as a variable impedence widen can be chamred 2.6 will 
from a high walue to 4 Lower valve. Unie wardation is achieved oy 
be the uomteol winding, whieh incregser 


the coos mabert:2 om which $0 two wind 





woumd; this decreases tle efrestive reachange of the e¢ 
wimding, allewhag am iucroase in toe oebout current Clowing thrown 
the load resistance, the out,ut current being a-e derived frar the 
fe BO.roe. Sines the vresultcont chemge in vewer Uissinstad in the 
Low can be gonsddersably erent: then the power causing the control 


current to flow, the device can be deaignated an empliricr, 
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Series Circuit Without Feedback 
Figure 2 


Schematic Diagram of Series Circuit 


Figure 3 
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7 4 
_* Ge 
. | Haguetie cirewlts cannot be conveniently calevlated strieb- 
Ly enalybtically because the characteristic curves of ube cove mber 
hal gan only be mandhed approximutoly, aml with croat aisfic lty, 
 gathommbically, Therefore a gruphical meted, uaing the churacber- 
J “ad we aligton ef the particulur core m.terisl, is adventagecus 
: in describing the operation of the mgnetic amplifier, 
uN A typleal characteriatic curve for a magnetic core ip shown 
«dn Figure 46 Te will be convents 
the use the cheracteristic curve ap shown in Figure 5.4 
| fhe sitee in Vigwes 4 and 5 may be labled in electrical 
unite 4s woll af Magrebie unite by using these releti.onse 
(1), When there is no do excitation, the reactor voltage 
drop is propertiomil 66 the alternating magnebic flux densit, in 
Bresetor = 4th Hf Bs x 10° vorts - KB, for a given core 

here M, = ane tumns 

f = supply frequency 

A = eros section] arve. 

(2). Tho magnetic (ield intensity in the reactor 1s prozore 

tional to the reactor (and thorefore load) current. 
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mt in the discussion thot “allows 








: H = .495 ampore turns ger inch 
val, =Xply for a given cere. 
Tlechrieal units will now be uped in discussing the macnotic 





charactericties of the cores, 


When no direct evrrent flows in the control wirdings, the 
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y is determined entirely by the inductive reactance 7 of ra 
bet windings nd the lead resistance B, as Ris very small “ey 





compired 40 Hy, pructically the entive supply voltage fc across the 
@-¢ windinge, If then the comes ars subjected to an additional 
eae magnetising Toren, caused by ea direct current i. Closing im 
the coubrol wintings, X decrosses, decreasing the tobal Ampedunce 
a We tt eixentt, gO thet ‘. sunreages. AG I, ag further ine 





G 
creawed, 2, ds ¢ d, «xl I ingreaged ton gronter values but 
36 is impersible to clininete conplebety “ys go the total supaly 


yoltege can never be trengferai to Ri The powe: absorbed by a 

is therefore reguleted vy Tus Tha power emolification is tha rabie 
of the change in oR, ho the change in d= eontrol powers The re- 
lation béebreen the rmagnebiaing current i, ami the guzoly voltage EB, 





with eontrol eucrent I, ae a porameber, is shown by the family of 
euryes for a partdieuler rapnebie material in Figure 6. 

It 4a seen fxvor Pigwre 6 that. fer a given supply voltage By 
tas value of qT LMOTCRSEE BA i. i# increase. 
iupadanee Bozo” 

it is now desivruhie to consider the voltage drops in the 


amt cimouit, Figure 3 is a schematic Cingras of the ompliiicr show 
ing thoes voltages, The impedance Qlagra: for this F-A elroult is 


When the welue of reactance In serics with the Lond resia~ 
tance is varied, tae locus of the am efiztult impedance if as elem 
in Pigure 7; For illustrative purpomeay the fliguse is dram. for a 
tenfold change in the valum o. the reacbance with minimum A set as 
30% of load 2, With A a minimum, ths impodence is —_, nn *, AY 
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| (8) 
idpistence Locus 
. The edmittenen locus corresponding bo the fimcedanes locus 





of Figure 7 is @hown i.. Figure & Simee the tupsdence lecus is 
Laneet and tho minimum imgetamue is fy the admittunce loow is a 
odrele with Udamctor e@e,url te the recisrecnl ci the theoretical 
ndmimm impedence, or # , The current locus is derived by multiq 
plying the admittance by supply roltags &, Tous when reactaunee 
hee @ wdioeres value, the sdmittence ot the circult bow wendoum 
agbueal yaluo and mewimen curvent ilows, When the re 
wexinuve velum, admittance ie & minimum, and ac current is a mini- 
als 
cons j (8) 

The locus of the current in the ec edrouth is aleum in 
Figure 9 at the smller elrele. Corresponding to the current Locus 
of diameter B/R ia the cirevlur volt.vs Locus nuving diameter By 





The reactor and resistor voltcesu must add yweotordully so thot 





theiz sim ig always equal to the applied voltage .. These veetex- 
fal additions are shown in Pisce 9, cod imfldeste the owing af 
Voltege dvéps on reactor and load us the reeectanse of the saturble 


eore device is adjusted. 





Tim Yoltage loons may be vedra@n af ahotm in Figure 16, 
Again, the veutorisl stm of recigbor aud yeactor dreps must’ opel 
the supply voltege, giving the circej.r dupply voltages lotus si.owme 
Figs 10 show? Vivt if the Seactance wort nerd, the entice sup dy 
Feibage would appear across the Lowd., With ady othar value of claw 


eult ante, the ououly volt.ge 146 divided as indicated by the 
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12, 
eiiedhiiie af tab © factor cn tin Beeahie ns Load voltcge exes. 
‘The figure showg that the cetual limites of the circuit current cre 
| ih the Sats of B to 1, while gorresponding Lindis of the reactor 
Voltage ore in the retio of 1 te 3.33 this gives a 10 to 1 react~ 
ance change for «a 3 40 1 lead current pwing, which chacks for the 
Values used in this illustretion, Figure 10 shows » reuctor volt~ 
age stale ard «a lead voltage seale, an@ a circuler supgly voltage 
locus relating the reactor vobtege and load voltage. Since for a 
given load resistence, the value cf load voltcge corresponds direeb- 
ly with a load current, a change of seele can be nade to make a 
@lreular locus of load current vs. reactor voltuge, Since this is 


nob comventent, the cirele can be comverted to an ellipse by change 





ing one scale, in the fellewin: 





a a TH 4 Se the equation ef the eircular locus. 


ie Bet ~ Trea *esa 








Se 


2 
eee sl, which is the equation of an ellipse, 


Tig ellipses ia an operating locus relating the reactor voltage with 
the reactor (or Load) current 

Fox sero signal the line voltece ia so adjusted that the 
hecciaunm flux density in the cores is just ot the kmes of the nagnet— 
iaation curve, When a dec signni is applied to the control windings. 





. the cores are driven into saturation. 
Qnerabicn of khe Magnetic snplifter 
The operation of the reactor is demonstrated by Figure 11, 
ix which the plot of the ciroult requirements io super-inpesed om 
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Leys 
the characteristic owrve field of the core material. For the mari- 
mur impedance comcition in, the a clireuct, coipwe ondiiy to 7 x. 
in Figure 10, the od of tise voluuge veootor ia Located st golnt d, 
eo the clroular voltege lequs. The voltage cro; uevoss the reactor 
is represented by 08, on the rucctor volbage secie, mx the drap 
BOregs She Leal by Oxi. on the load voltege seale., Point o on the 
clliptiesl current Locus corruspeuds to this position of the volte 
oge ywetbor, aa glow Ubet tiie meal imoedange cond. tion occurs 
PUD grote VorvespubRing te this mumbar of control aupecoturms 


46 & Waive of . vepregented by Oc 


Le i” 

Peint £ on the eporvating current letucs cimllarly corres 
pomda te the voltage vector: point g, and ghows thst Fate ig about 
465 for the minimum impedance scuse, giving aS ewuek to the oniia 
ate Of). Thus, for control tetwoen points « end fon the owrrent 
overabing Lecus, a difference of LUSs30 or 155 empere-burns is ra~ 
quired, Tale co 


of the eireult 


ponds, af has beer inudiest.id in the dovclognent 






eter diagremd, to 2 LO to 1 impedanes change in 
$he reactor anda 3 te 1 change in load current, 

A dfiagrem such os Figure 11 cnn be used to design cirauite 
heying various charecteristica, but prover sehection of ccre mite- 


vials, size, omd operating cormditions raquirs beth expsrdente ond 





alteration ol the rectified Load current (1,) ee « 
function of the controk currert (Z) ia known aa the contre] cham 


acteristic, This can be ob$ained fron Figure 11, 


st 


by centidering 


poimbs along the elliptical current onersting Locus. For emamale, 
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therefore ‘-< 2 Thess a velue of 7 has been ebtained for ea value 
of Ip, Similarly, a velue of I, and 1, ean be obtained for every 
point on the current operating locus. The control charncteriatlie 
for the perios ciroust without feedbacks fu sjmmmbricals Pisure 12 
is a typical curve for an amplifier in which thse number ov contrel 
turns is equal to the mumber of ac turns, 4b sero control current 
there is a moeil initial current Tne as the impadance of the a-c 
winding in this cemlition is high but not infinite, This is the 
exciting current. As tha @e¢ signal is applied, the inpedanmw de- 
creases and i, inoreages practlozliy linearly c¢ a slope : (in 


e becomes vory Low, the cut~ 





this case 1), When the winding impedance 
put current aporonches a limit set by the sonlied a-¢ voltage and 
the total circuit resistance. 

Series Cirouss Math Poodbag: 

A series magmetiec amplifier ineorporiting feadbac. effeet 
ig shown in Figure 13. With this arrangement, agsueing L006 effi~ 
ciency of rectifier, the full rectified output current is pessed 
through the feedback windings ita3 thus the dc mignetising forse 
is proportional to ca the percentage of fealiback is given by the 
Pablo ps . 

The control characteristic for < gerlas connected feedback 
smplifisr is shown in Figure 14, 

Pron tha anpere=-turns belance law, fer a series connected 
circuit, the total dc ampcre-turns required for the current iy, to 
Slow is roughly Li » the feedhact winding provides Eas and 
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LGa 
only the balanwe is ouppiled by the control winding. That is, 
Th Mlp Teg | 
a > bale ae | 
“ae [ae 
Thia gives an anplification whigh théorebieally io infinite et 100% 
It holda, however, only for Leedben': up to approximetely 
97s In actual practice, it is usually necessary to heve B, one oF 
two turns greater thon a for meximun amplifieebion, 


Bissod Ampli tier 


By providing bisa excitation from a separate source ; the 





control charaejerisbic ean be made asymmetrical with — be 





tha sero combrol signal, The cenfrel shape of the chucucteristic 
is unchanged, ~~ is biased so thet 14 crosses the 4° 0 ace 
at about the cantor of the linsar swing of’ i Biasine onittea the 
position of ‘the Line I> 0 to say desized poaeiiy. geeh as 0' an Pig~ 
ure 15, without aftectiies the one of he , oo ebic cm " 
This allowa the fuyve to be centered on the desired operzting ranges 
Poraleh Cinauit with SelsSasusetton © 

Figure 16 show, a solfecoturated efreutt wid dts obtaing @ 
Fors of positive feadbeck by commectbing « halfewave rectifier in 
series with eek load winding, se thot the laud currents ue 6 Gi 
reot current oomponent. This culeating direct current in the Load 
Winding produces a dec magnobisetion of the cores which is srevor- 
ticnal to the average waluo of the load current ie The ac wings 
ines in Shifn edrouit ese commecbed var parallels since the surly 
voltege 1s across each winding, toe mumbsr of turns He mush be 


dovble that of the aeries eironds, 
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ade 
With no gaperete feedback windings, the clredt siown in 


agoonds to a series cirentt eith exberms: feadbeck 





of 1008, Addisicenel feedbac. turns x. nee waded to vary bho pew 


contoge of Leedbeck effect. The c.rren’ sain .or tude edreuit is 
given by the relations 





Ly Ma aie 
._ k N, 

—_ a)) N. 
if & Geo voltage of coustant maguibwie is saddeniy avpiied 

to the control teminels of « magmetic amplifier, the control cure 

rent lage behind the applied volbuge due bo the inducbenos of the 

combrol cirewlh. Te time repulved for the output euront to rise 

to 636 (1-4) of ate fimal velue is the time constant of the am 


is the watao of the comtrol coil irductenes to tite 





*¥4 


Lizvier, 
recistence fo obcadr. nigh gain, the core meberieal must be readily 
aturnbed by the control signel, «Rich resulse in a higidy intho- 
tive input cirewlt, ami a large tine Gales For this vekecn igh 
gain is uwivally associated with lerge tine constants. 

fhe presence o: both =: ond da Clumes da the core mikes 
the caleulation of Ghe dese (luz extremely tedious, However, om 
acpremimate mebned for calculating the induebance of tuc control 
eoil cen be developed by debermining th. sysoraza permemmes ol the 
ivon path whieh is traversed by the ac Vlum, wileh will illustrate 
the faoters upen which time tine constart is dependent. 

Considering the voltbese drop arros@ the Lead windins st an 
average walue of X., for an smplifiex wlahout feedbacks 
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Poviwande, which da the reciprocal of the reluctance of a 
MEENStIG patiiy is the rebio of the magnetic Clix in the cons to the 
maguetometive tormee producing it. It is closel, vrolated to self 





>, and in geteral, the retic of self inducbange to the 
permmeanse of an electweemynetic systen is uroporbional to the 
Syaare of the number of: tinms carryisag uke current. 
Therevorat 

(ay 4 a—C ra ane Siux path 
Substituting (1) in rm 

(34) 27eR’e@ = x 

L a<¢ 


ane 
Ls 


$0 (ia) @, = le 


a 
Since the deo flux travorges the sume onth in a toroidal 


Goll as the a~c Put, 
(54) er Cy 


Since the imduesance of the conbrol cireudt is 


(6.4) N 2 
Lace eit” Ne Ps. Fe Ea 


the time conebent’ of the control atiroeuib is 


H. S. Kirsehborrm ond E. L. i Yes heve extbemied this oale 
eulation to derive an expression for the time commsécnt of en amali- 


fier with positive feedback, civing the result 
Ne 
(8.) [a+ Bere, f 
i RNS 1 i, 


wer Te! 


23+ 
where K is a censbenmt Jc ,ending on che tirenlt p rameters, 

Byuations (7) and (8) show that the Gime deley ie ipwersely 
. tc the mupely frequeney, £, amd is inereased shen the 
number of foodbac< Suna, Hyg de inecsosed. 

The fagh that the tine deley is laversely proportiawl to 
bine fvequenéy of the power source meana thal, Cor « given gain, an 
amplifier scporated at 60 oyoles per second will hive a bine delay 
which is ayproximtely 7 times the delay of the eyudvelent ampLli- 
fier ope. obed at 400 oycher pir second. In ober words, for sny 
power frequengy, the same oumber o. cycles is revudredt tor the cube 
yah to rise to 63% of ite finml miu. 

There are two mebliods for reducing the time censtunt of 





the feedbatth clrowlt, beth of which cmduce the eetr. Ine meted 
fis $c insert series rasistunte En the gontral winding elrauit, 
thereby roducing the time compfont @) of the contre} winding eh 





cuit, and the osher 4s to veduee tlie auowt of feedback. Figere 
17 compares the reraite obtained by reducdug the foedbeck with 
these obbeinud ir increnatias the rewisbanee in the conmbeck oclvwdt. 
Tt shows thas if the gain ic wmeiooed by a feebor of fowr by addtiag 
tesigharnce in bhe contrel wimiioe, the time delay is else recduoad 
by a factor of fow, Tf the gein is retuced ty a fogtor ot . ete 
by reducing the feaiback, howerer, the delay iz only reduced ty s 
Zarbor oL bo. 

To suameriee, the delay in qeles of cower frequency is 
propecticmeal t5 sower grin. aml indeporeddert cf cory meteris! and 
power frequency, Tt ta bebbher bo work fro. the maximom gein cer 


aition by adidiimg R to the comirol circndt to cut the gain than te 
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jo in 1o* io* Tom 10 
Power Gain 
Two Methods of Reducing Time De lay 


F igure I7 











aie 





| decrease feedback, For 2 piven posw: guin, tho recommended preca- 
dure ia to ijilise the meacimus feedbeo’ comiensurvte with sabi lity 
and add series reuledbaves in the control winding wil the desired 
play rabic is cbisined, The eebuml time of veaponse in cee~ 
omia is improved by the use ef 2 hicher power frejuency. 
The oyeles of doley for « cerbuin power amin can be de- 
ereased by ovlitting the ompliviar inte two low sair otages. 








reg af magnetia cores for amaliiier use aret 
Sumibe al as aoe 2 maugnebising force ae 





ae Steel showld have © vary dherp “mec on the saturation 
Vurve and the mee whould oat 
dompity as powsdole. Amy additional flux afber pasging 


ms Slur 





be knee of the curve caveve irdueed yvolteyes which 
makes it im prectioul to obhuin maxima volt. ¢ across 

2, Steel shold hawe ap hich a flux density at antu etion 
eg pogadble. This owrniis the wee of sembllor cores for 
a requdred cutpot voltags. 

40 The steel should be consistent so thst two or more cores 
weieh meko wp the amplisier will be sindler for hest ver~ 
formince, and various wecbifiers wade to the saase speed- 

Sentions will hive girdle, cwuracterietios, 

Se Steel legsen sbrruid be s.bl. Udy currents nob only 

cauee power Llosa bet cleo cause the ae lifer to have 


Slower reecenge. Rystertaiz Losgea in additian %o 
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285 
causing power Losses may have om undesimble effect cn 


i ghacacheristia ov the amplifier, thet 





is, the outpub power may be different depending on uheth- 
ex the comtrol is incrvasing or decreasing, 











High quality reobiviers ure essential in magmatic cuasli- 
| le Low forward reaistunce, in order that power loss end 
yoltags drop is kept to 2 minimus 
2. Very low bsek leakege; leek increases bie anounk of 
eontbrol currems required, rewulting in en overall Loas 
in powar galn. 
operating characteristics casnges the posformance of 





Gigs; org change in reebifier 


the magnetic omplifier in which 14 is used, especlelly 
if the reotifier develops leakage. 

The adventages of magnebie amplifiers arc: 

1s They require no power gupply such as "BY supply fer 





yacww tubea, Although reactors weigh more than tubes, 
the siae amd weight of completed amplifiers coun often 
be made @qual to or Leas than yoouun tube anplitMters, 
fines the sower supply is olimwincsted. 

a» They require no mum up tine, 

34 Thay do not heve the power limit of wacuwa tubes, 

4e Very high power annlifieaticn por stage is pousible, 


Magnetic amplitiers ore mot oracbical in many aypliceations 
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27s 
waich now use vacuwn jubes. They do, however, have guclities ami 
limitations which define their ; 


ope, bhey are a valuable addition 








chadiaues ami gre finding anerecsing a ddiea» 
tion, The parbiculur qualities of the magnetic emplifier are, 
lL, Avplification of low level d=: sorers 
+ Hixing of input 
3, Isoletion of immt and output 





ig which we at different voltege 


4. Good seroestability 
5, Ruggedness, 





tons of the magnetic amplifier cre: 

1, Tt is restricted to appliestions using a signal fre- 
quency thet is low cumpared to the gugply voltae 
ETOQUGREY » 

2, Long time : 

3e Lintted inpadence range 





4a Tn some oases, the oise aml weight of the magnetic 
plifier may be greater than thet of s vecwm tubs anpli- 
beam 
Sonslusson 
Magnetic amplifiers have found many indugtrial apniientic 
Examples of thedr use area in yoltege regulatera, aubomatic battery 
chergors, theatce lighbine control, secv® omolisiters, aa audio ame 
plifiers (with high frequency power supply), They are especially 
suited for electrical control of military enutinmt> thoir service 


record is 





snonetrvabed by Lhe atatemem$ of . eoehrieian on the Ger 


mea cruiser "Prins Bugen®", who claimed thet cob ome to his know 
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ledge during the ten years that he was on bourd were the pansls of 











CHAPTER IL 





STRUCTION OF EQUIAMENT 


Sblect 

The object of the experimental work was to degign « magnetic 
amplifier to amlify very ausll dc powers; the equimment wes so 
conustracted th.t various troea of magnetic anvlitfer cireults can 
be readily assemblixl, aml their characteristics opbained. In this 
form, the amplifier in alec galteablée for the denendtretion of var 
iow magnetic amplifier cireuits in the classroom er laboratory. 
Kamelic Cores 

The two cor 





a used in thie amplitier were sugniied by the 
Yagnetic Unteriaia Group of abe Naval Ondmenes Laboratery. They 
are Wu Metal cores, made of tape .003 inches thie end cne~helf 
ineh wide, wound into toroids of inside dlamster one end five» 
eights inches ani oubeide diameter two inuenes. The layers of tone 
are instwleted by maignegium oxide. The crossegectiscnal area of the 
maymetic path in the cores is .557 omni, and the men lungik of the 
megnetic pebh ig 24.464 om, The two corec are vary woll matened, 
each heving = mamimam pormoability of 226,961, The mugnetizatbicon 
curves for these tro cores are plotted in Figures 16 and 19. 

Mu Mebel is a high nickel maypetdo alleys dos comsosition 
is 75% nickel, 2% chromium, 5% couper, ond 186 iron, ft has ae 
high permeability, low ceercive forse, am! Low satirsticn 21 
density. Sinee 16 was intended bo constructs a magnetic amplifier 


bo amplify very small currents, 16 wes megenaary to woe a core 
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32. 
material with igh pevmenbiiie, smd Lew convudwe forte be kee. the 
niaber of turng an the coubrol windin;, frembesoming excesviva. Bu 
Metal han the high pesmeubllity Toyviwed Ja. Liipe duduetance axe 
alse yvequires relatively Dew nomere-turns bo seb$rvrnte it, thes. pro 
Widing a large change in Unpederee and ae large power gil. 

Tho Mu Bobal cores were ammealed at a relatively high tem 
perature in 2 pure ixydregan etwosphore. Pheve cordetons mob only 
prevent otidation, but remove iepurities fru. the taage. Conpes- 
cisi electrolptic mydroger tu ulec 94 iby ca G6 2. cwethir jand- 
fied by removing omyeen aid wolsburce unit ilw sapwen content is 
belew ome pact per million, and tae wolpjure combent ol bie puri. 
fiei gee 2s weasured by Gopeoeiat Geteriiineiionm is helow a 
Tie cover were anamaled in om Opek bre Js. the igecrogen womiiece 
for yous houre ab a temperntuce er 1200 Ss 

ZT ie well known Shet the megeetic properties of nigh ,»em 
meabiigey moberizia aru adveroely cflsected by mechanical struins, 
Th has boon Powel, hawevor, thet by proper uminting, magnetic an 


pLifsers ean be eonobrwesed tual wlll witietend severe shock and 


Vibration. 
The being deseribec comvirted 





of plecines each torcid.l core in a melded bakelite tex, isnric 

So ? 
@ncugh to ,ermib a omeli motion of tae ence. This prevenes coreain 
fron boing pheged on the core mtuttel ly the bom or the wiping. 


fre oh le were then woud around the bokelite box by a toroddal 
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33 « 
winding machine, end the lest few colle wound by samt. The simling 
machine was locnied at the Naval Ordnanes Lahcrahowy, ami tce au» 
thos received sufficient ingtruction in iba use tu wind the coils. 
The followin: seoarate coils wore scund with #27 AWG wire on each 


JOO tuxne 
~—- 100 curns 
-— 50 tune 
wee QF URTIB 
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Thus, « tetal of AVS? turns wore available on wat core, 
wormd in manll Gola ao thot ayy desired conbirnti.n of tusns tox 
contre, power, bina, and feadbeck windings couid be obtained by 





The $80 ceres erre mowwhed on c boom’, and the oul ends 
attached to Jones strips, to feeilitcte makiyg chances in the wind 
ing combinatilons. 


eebi tiers 
Seleniun dewdisk rectifiers were toed iu bate om litler ag 
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dimess, reldebilfty, aml loag 'ale roep.iven of 
rectifiers for mamnebie amplifier vee, the reebifier da ac clued 
base plete coated with selenium over wich en alley ie sprwyed. The 
sluninua bse nlate HOVES LS one gleetrode ead the ellay az the 

obher, Current o1 readily; fren the dome Clate te the elles 
bet only with oxiweme iffieuity in tac ober digection. Tie high 

resistance to flow free Lhe elle: to the bes plate 16 eclled "reverse 


resistances, walle tim low resistance in the opnesiba cirection in the 
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3h 
forward resistance, Thue sach plate ie e hal? wave rectifier. The 
' unite of three plates seach, mamifactured by the Yadio hecertor lem 
: POLS « 
A photecraph of the equirnent avaebled for test 4s shown 
in PLeure 206 
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" Tosbs were eondueted 6. deburine the ch.ractoristics of 
Véetiow: megnetic cuclificr eircufts a suyply ere: of 69 
erties per second ond 400 ayclea per segond. These tee Troquencies 
werd 1500 begsuse Shey wore ruadily avaiicble in the Laboratory. 

_ he pepette obtained are preserted in tis section —- 
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a «fhe Siret sbep in the experiment was to determine the pros 


| 
et one Buptiy yoltage to be used. The circ7:it used was the series 


eireutt without feedba¢k, shown in Piguee 5, with X.= H, 1200 fe 


tums on exch core. The load ronistanes was 50 ow, Tre vurta- 
$400 of awhoub ourpeny Wit: supply volocge was mongured for verlous : 
values o! control cugnnt the curves obbednad ave plobied in Pagrare 
| wll and whow that sibs & Large volb-ge ronge he Load curcent bs 
imigpsndent’ of the | NoLinge, etd eyuel to the centrol cuvrent, if the 
“ved aad conbrod Sidings heve ett equmt sumb-r oF turn. faig 41- 
lusteatbes the cuypent trensforner churscter of the megawese fali- 
, fiat. | | | Lal PB rea } 
The dégdred value of a-c aceaaaien i is achieved by aed Start Lg ; 
the Lino vohtace WES sere Control guar vent 30 tit the mati Slax 
density in thd cores is just at the imee b2 the =e CULVE Ss 
This voltagd is the oné ct wich tho ‘plet a” E ~~~ with iz0 in 
Pi miss Qt, begins $- bemimusearie” With this veive cr -anchied voltage 


tive core gaburates om some portien a! the owpoly eyele. Ag the cone 
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Bh. 
trol eurvemt im inereseed free sem, the current on ube low sind 
inge in tmoremsed oroportionslly, witdi Ghee cores Me onmlobely 
saturated. && this point tae chersotberiabic curve ruiters cut and 
& further inemeese of aigre. Coen not remult in a scurther inerenase 
of the lout cxvent. 

Froa Piguse 21, 1t ia debemained tht tho desired oper.ting 
aes VOlbuge is 20 volts (ras). Fiyrare 21 40 the dhoracteriobie 
gurve field for tuo amplifier with iu Mote) corer orl correspenda 
to Piguos 11 in the basic theory saction of this ,aper. The volte 
ag@ Lecus has been Superimposed on thic .ielid & deaw.agy: 4 Olotle 
(curve 4) with ite centor «t the origdn, aml muscle Lic omg the 
vols B= 20 volte, The elidctical curremt open.tin: leew (eurve 
b) wae plotted usiug the relation ee , 
veeful rango is seen bo be onachioully a quntam Line. 
ombrai cheradterlatic curve 








i On mage 13 ie 

used in teecemiing tee serlormemoe o. the yuokhoun circuits beaved. 
Theeuwhieus this essay, ton .clthmetie meer. vedue o. the alturnd 
ing lomd ou.rens ia measured am. plotted. 7 (DO) in noseruved 





ecrogs the ds termimeis o: a full ewve recticduy ivides, as chown 


in Figures 3 and i3s 





fa) OF Wiguice 22 Le Gee conbrol chursoterdcil.c fol 

the serice chreuvit without leedbagk, i!dudtrated i: Figure 3. The 
gloss of the curve is eyusl & the theoretion. value —>> dial 4% 
ig linesr we to the Lielt of “9 wiher is icvenmiewt GW Me wut 


= 4 a, y 4 “s 4 if, 4 be ” = as Py ee Pr a +4) agin iY 
of the asplied weltege and tho tetel lead cérecil restistenea, 
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40» 
Gurve (b) of Figures #2 is tho chsructeriotic curve of the 
series Girewlt with 50% feedback. The clrew.t ie saown in Figure 
L3, in this case, H, = B= cond z= 600. Therefore the 
value of feedback is eh x 100=50%. This curve aleo in Linear, 








GG 1b sloge is euual to the Lheoretice!l volue, Ne ate = Be 


{| WN. 

Curve (¢) of Figure 2@ weg mado for the same clroult, with 
u, imereased to 900 Turns. The Jeedbaek ia 75%, ami the ulope of 
the cheregieristic agrees with the thupre$ic.2 vwilue of 4. 

Garve (d) represents tie oerdi.s circul} wibh 906 + cadbeck. 
The slope is 10, ami the remilts correspond with thucre$ical velusss 

Ee shovid be voted tiu.t witli: no ceodbeec. effet, Use chars 
asteriatie is symmetric. about the aero comtrel morrent lim, ond 
that there is a small value of i ae £ if =O, Cao Go tae Pach thet 
the impedanee of bhe load windiigs at this polmt is high but not 


infinite. Ag the fem@ibogk ia increased, the checacteristic crores 


the = O Line at higher ea of 2 ye Si Penches a Bindu value 
at increrssingly greater neg.tive wiiues of I_, The slags to the 


G 
Left of the mixdswm TL is decroteed as feedbadk ta incroased. 


L 
Viner Re is ie incressed to L200 tims, Gio circuit is opetlting 
2% LOOS feedbagK- Gsarve (a) of Figwe <5 is tm cewaeberisatic for 
this case; 16 is weum thet the slobe ic Lairl: cansdant over & com 
siderable range bith hag not reached the theoretical imlinite velues 
For ®eitiema goles, the turme in the feecdbuck winding are 


greater by 2 small percentage than these in the gover winding. The 









* = — it hi 


"ema i 
wmetl 6) sue ol thes year | 

Ua neat SSL = te (= ok = ime ne 
Peed oh A Ges AS TR ne See 








—_ 





7 





Ricitelo manteih digihe m Goats cat 
@ mgt od bee RT dd es cere ON 0) deed 
eo ele ole ae Ab wey oleh twte wtt 
eae) GR PY Coun ae bee es tomers? (hh eras 
ee ene en ee ed 
a ee, ee ee 
Be oll ete be elie Cee a me oh Altay me mae 
ey te ee 
Oe ed a es Ae, A fe ee 2 dS pomntoens oe 
COREY BAUS cu UMP ctemcwmen! BE SOTO) at RA ,d3tettol 
OS EEG + cay lew gf WS eer ass fe atl D >) 
oi Mw ood ot ogh Otome wt tant! ts 
cheer 6) a oh Cam At JK mm alt te smd 
ee, ak es let Al 
Ria J ene a a ee oy re ow fo 
7 thee a Gc GD eed) @ le) Oe Rete Bul er 
ome 6 Te eee coe) CD eth ee feed wee ct Oe ime oh 
ome tt) beret og cee 6 me Ger) oeere > seme 
aoe ote s Gateee) ot!) 6) aewed OM ether ewe 679 
GU caweeS comm cet 43 cee oekt epaktie Lime « Gl de® 

















(seazduporai ) ’ nE- i 
i ' - 


7 
0Oz 


| : eo 
gotp= ifoorts? 2 09 = | bene fi - 
rd “Noe No: y, | 
r i opzctt =n = a Ww =>) Prehang 7 jae 


oe lie aa Iie ale = 
vip 


_ on ta et ake a | _— a as ” 


oad . 
' Hy 
i } 
. ea! ) 
: a zi ae 
e. 
. t t 
. . . r ¥ . 
| $ as : : 
¢ t 
5 > ‘ x ‘ 
s+ = Pas - 2 : ae: s = 
. . ; : ' 
‘ “4 . + , - 
' . } - . . . + 
— - u —~—ee. 
* . . 
. 4 . . 4 
i] ' * 4 
¢ - 


_ 
4 

4 

: 

: 

Cet. | 
nd 
j 

A 


foo >| 4 Hay a 


er, ara ae 
" t+ - = L Se = a 
ais E = LEE a 
ot ferme id iu} 
[ fine St ane 


sot 


' 








hice 
ratio = is very oritical,s A change of one furn 4) goveral hum 
| dred greatly alters the cower gin smi comilt¢ions vw. abubility. 
In this cdroudt it wos possible to raiee le bo 1205 turns, and the 
| | emplifier wee o6411 stabico. This 45 saown as meve (b) in Figure 
a30 When Hy, was aide 1206 turns, tae em) Lifi.y becwue unsbeble. 
The extra turns above 1200 meke up lou losses in the reetifiers, 
Baking full use of the wimlings avaliable a. the cored, 
» £% was poseible to imerease tho control turns to AO, while the 
power turns were lef} st 1200 omd the Ceedback tums at 1205. 
This combination save the results slotted a. cacwe (2) in Pinure 
24y and reoresents the mamimum power goin ohtuinuse with tails an 
plifivr at 60 cyeles. 
Tae power gain of a megnetic an blister is devimed as th 


- % 


rabaico of the change in power sunplicd to Ga low. &- bau cblenge 


in power diagipated in the control ainding, Phot is: 


Powct gein — roe . 
Ip)? Thy 


a ~ ~~ 4 ry ) 4 A ag 5 
pubing bhe power qcin cot the cmplatbior elreutt whcee 





| Chareeberigtic eurve is curve (a) in Pigie 24, vor tie working 
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Zine Constant 
An approximate measurement o. the timo conabant Jor the 
media guin eireuds waa meade by slecing the volicge eevons the 


2, Sod obwerving the tine tuken vor the 





lee Gn OA Oe 
load volbaye to budid up to 63) of ita imal value. The tine 
elapped wes measured to be about 3 1/3 secomla; thet ic, the am 
plifier bed « time delay ol about 200 cycles, using 60 cycles 
per seeoml eupply frequency. As indicated uy Fipwre Ly, shis 
delay can be decreased by increasing the veeistbance in tho inrub 








eireult, or by reducing the muaber of feedbach tiusns. 
Bhaced a bi cece 

By paesing d-c current from 4 septrate scurce controlled 
by a potentiometer, through 300 tucme on each oore, the sacslie 
flor was biased so bit tho operating ownge of the tmplitier wae 
centered on the Line i= 0. Thdis chirowlt ts photted as cu-we (b) 
in Figure 24. 

Figuce 25 ic the cheurkctesistic curve for the wrailel circuit 
With selixsaturution shown in Figue 16. In this céireuét, - L200, 
B= 2400, aud H,,= G. The cesults obtained wore gimdior be those 


for the series = with: i a 





Supel - Prager x] 
Tho seme procedure was used Lor ceferniniNg Sha chrecucr= 

tatics of magnetic amplifiors utélising « supply frequency of 490 

cycles por secemi as wae jcllowed fox 60 cyeles ser seecmd. 

Ones Lie VWoléise 


Bron Figure 26, the promer opor ting voliage wos deotor= 
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LG 
mined to be 45 volts. 
Serece Cimeuie 

Figwre 27 shows th t the theovrebio.: slopes were obbainad, 
and the chureeberistic curw8s Line.r over the operating: ronge, for 
no feedback and 59% feedback, with tH = 400. 

Figure 28 is a plot of the duwracteristios of an amulitier 
with M = 3600, N= 400) end M,= 200 (508 fecdback.) The theoretd- 
@2l slope should be Ns iat. | - ale | z{- Lbs 

1 Me #00 | = 
This is the actual slepe ef the ewrve fn Figure 27, 
Figure 29 shows the chorcoteristia curves for ff = 3600, 
H, = 400, stl it,= turns (1008 feedbeek), ond the increase in 
glope obtained by adding two edditiomeal feedback tums. An addi~ 
tional feetback turn made the anoifiter unstable. The powor gain, 
Cumpubec over the ranue, 195p.aCT ~ 230 pas ist 
A 1, =35 x 10° amperes 
BS i, =270 x 10°? expores 
B= 50 ohms 


R= 60 om 
2 
as Pow’ gotn L220) (50) z 16° STalL X 20° » 
fou CoO 


Thus the maminam cower jyadn using 409 eele suppl, 
6 
x/0 : N 
WALA E. . 3941 times thet at 60 goles, Tho reticS£|400 ~ 
/.12 *70 
ia preater than 60”, ami accounts roughiy for the higher godmy 
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Various types of core moterizls for magnetic amplifiers 
are available; the fucbors deteamining wuich material is best 
suited for 2 partic.ler ep) lieati.n sre: signal power avaliable, 
overall @in veoulred, power ovwbout required, and the sige oni 
weight of the amplifier, for the vurpotes of this essay, Hu 
Metel wae chosen since it provides the largest vower gaing and re~ 
quires relatively iow ampere turns vor vabustione 

In she series cirevlt wit wo feedback, the teste unde 


show that the relationshi> between i, ard io over the working 


wange of the emplifier is lLimvar, ami is: Sh = ig... 
Wen positive feedpack is inte avnal tig “letiensudn 
ia changed to: Be Be odie » thie oxpressien held for 


feecbacks uc ts GOS; the seene 2 values of a corresponded ex 
eebly to these civen by this onmerssturus ~— 

the maxim power gain .or an emplifisr is cbbained by 
adding aciitional feedbucs tusmc above 1006, whera feedback is de~ 
fined 2s = 9 Vntdl the amclifier becomes wnetabie. The greatest 


maiber of feedback turns permitting stable cner.tion of the smpli~ 
fier provides the highest gein, This nrotedure is not recommended 
for pracbical purposes, however, as the tueng o.cr 1006 feedbeek 
make up for Los@es in the rocbifier, @iich auinve Filth tomsermtu 
emi age, amd an amplifier whieh is stable amier ome sot of testing 
conditions may become umebable when the bemocrature changes. Por 


this reagom, in most practice) soxplications, Jeedback ovor LOG is 
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mot used, but incbead, two or more stages of amplifieation are used 
%o srevide a consistent, very hig power gain. Ia tads study, hem 
ever, tle object was to achieve the maximum power gein in cue obeges 
Tho results obtained were a powar goin of 1.12 x 10° using a supply 
Svequoney of 60 cycles per second, sid 37.1 = 10° using « supply 
ditions, the tine delay of the emalificr ws 200 cycles of the 
sugply frequency. 
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